Multiple steps are involved in the metastasis of cancer cells from primary sites to distant organs. These steps should be considered in the design of pharmacologic approaches to prevent or inhibit the metastatic process. In the present study, we have compared the effects of inhibiting several steps involved in the bone metastatic process individually with inhibition of both together. The steps we chose were matrix metalloproteinase (MMP) secretion, likely involved in tumor cell invasion, and osteoclastic bone resorption, the final step in the process. We used an experimental model in which inoculation of human estrogen-independent breast cancer MDA-231 cells into the left cardiac ventricle of female nude mice causes osteolytic lesions in bone. To inhibit cancer invasiveness, the tissue inhibitor of the MMP-2 (TIMP-2), which is a natural inhibitor of MMPs, was overexpressed in MDA-231 cells. To inhibit bone resorption, a potent bisphosphonate, ibandronate (4 microg/mouse) was daily administered subcutaneously. Nude mice received either; (a) nontransfected MDA-231 cells; (b) nontransfected MDA231 cells and ibandronate; (c) TIMP-2-transfected MDA-231 cells; or (d) TIMP-2-transfected MDA-231 cells and ibandronate. In mice from group a, radiographs revealed multiple osteolytic lesions. However, in mice from group b or group c, osteolytic lesions were markedly decreased. Of particular note, in animals from group d receiving both ibandronate and TIMP-2-transfected MDA-231 cells, there were no radiologically detectable osteolytic […] Abstract Multiple steps are involved in the metastasis of cancer cells from primary sites to distant organs. These steps should be considered in the design of pharmacologic approaches to prevent or inhibit the metastatic process. In the present study, we have compared the effects of inhibiting several steps involved in the bone metastatic process individually with inhibition of both together. The steps we chose were matrix metalloproteinase (MMP) secretion, likely involved in tumor cell invasion, and osteoclastic bone resorption, the final step in the process. We used an experimental model in which inoculation of human estrogen-independent breast cancer MDA-231 cells into the left cardiac ventricle of female nude mice causes osteolytic lesions in bone. To inhibit cancer invasiveness, the tissue inhibitor of the MMP-2 (TIMP-2), which is a natural inhibitor of MMPs, was overexpressed in MDA-231 cells. To inhibit bone resorption, a potent bisphosphonate, ibandronate (4 g/mouse) was daily administered subcutaneously. Nude mice received either; ( a ) nontransfected MDA-231 cells; ( b ) nontransfected MDA-231 cells and ibandronate; ( c ) TIMP-2-transfected MDA-231 cells; or ( d ) TIMP-2-transfected MDA-231 cells and ibandronate. In mice from group a , radiographs revealed multiple osteolytic lesions. However, in mice from group b or group c , osteolytic lesions were markedly decreased. Of particular note, in animals from group d receiving both ibandronate and TIMP-2-transfected MDA-231 cells, there were no radiologically detectable osteolytic lesions. Survival rate was increased in mice of groups c and d . There was no difference in local enlargement in the mammary fat pad between nontransfected and TIMP-2-transfected MDA-231 cells. These results suggest that inhibition of both MMPs and osteoclastic bone resorption are more efficacious treatment for prevention of osteolytic lesions than either alone, and suggest that when therapies are designed based on the uniqueness of the bone microenvironment and combined with several common steps in the metastatic process, osteolytic bone metastases can be more efficiently and selectively inhibited. ( J. Clin. Invest. 1997. 99:2509-2517.) Key words: breast cancer • bone metastasis • ibandronate • TIMP-2 • osteoclast
Introduction
Cancer dissemination to distant organs consists of multiple sequential steps which include diverse and complex cellular and molecular events (1, 2) . In most cases, cancer shows a selective nonrandom pattern of metastasis to particular organs, depending on the site where the primary tumor occurs (3, 4) . Breast cancer is known to have a strong predilection for spreading to bone (5) (6) (7) (8) . Breast cancer metastasis to bone can broadly be divided into two major steps, i.e., the general steps which occur before breast cancer reaches bone and, are common to cancer metastasis to any organ, and specific steps which occur during breast cancer colonization in bone (8) . In both general and specific steps, a variety of molecules including cell adhesion molecules (CAMs), 1 matrix metalloproteinases (MMPs), growth factors, and cytokines have been implicated (9) . Osteoclasts, which are the unique multinucleated giant cells responsible for bone destruction, are essential for the development and progression of osteolytic bone metastases. We have previously demonstrated that expression of the cell-to-cell adhesion molecule E-cadherin gene (10) in a human estrogen-independent breast cancer cell line MDA-MB-231 (MDA-231) decreases bone metastasis (11) . Using the same experimental metastasis model, it was also found that a neutralizing monoclonal antibody to parathyroid hormone-related protein (PTH-rP), which is a potent stimulator of osteoclastic bone resorption, suppressed bone metastases (12) . In addition, we have reported that the bisphosphonate risedronate, a specific inhibitor of osteoclastic bone resorption, inhibited osteolytic bone metastases and decreased tumor bulk in bone in vivo (13) . These results indicate that these molecules and osteoclasts are the potential targets in the design of pharmacological agents to inhibit breast cancer metastasis to bone. An involvement of both general and specific steps in bone metastasis suggests that simultaneous inhibition of these two distinct steps seems likely to provide a more effective approach than does inhibition of either step alone.
In the present study, we first determined the role of MMPs, which have been implicated in cancer invasiveness (9) , in osteolytic bone metastases formed by MDA-231 cells in an experimental metastasis model in nude mice. We studied this by overexpressing tissue inhibitor of the matrix metalloproteinase-2 (TIMP-2), a natural inhibitor of MMPs, into MDA-231 cells. We then examined the effects of a combination of TIMP-2 overexpression and ibandronate, another potent bisphosphonate (14) , compared with those of each single treatment. MDA-231 cells overexpressing TIMP-2 (MDA-231.TIMP-2 cells) showed decreased osteolytic bone metastases. Ibandronate suppressed the progression of established osteolytic bone metastases and the development of new osteolytic bone metastases by nontransfected MDA-231 cells (MDA-231.P) cells. When ibandronate was tested in animals that were inoculated with MDA-231.TIMP-2 cells, there was an even more dramatic decrease in osteolytic bone metastases. Our results demonstrate that MMPs play an important role in breast cancer metastasis to bone. They also suggest that a combination of bone-specific and common metastasis inhibitors is much more effective in inhibiting osteolytic bone metastases than single treatment alone.
Methods

MDA-231:a human breast cancer cell line.
The estrogen-independent human breast cancer cell line MDA-231 (15) was cultured in DMEM (Hazleton Biologics, Inc., Lenexa, KS) supplemented with 10% FBS (Hyclone Laboratories, Logan, UT) and 1% penicillin-streptomycin solution (Life Technologies, Inc., Grand Island, NY) in a humidified atmosphere of 5% CO 2 in air.
Transfection. Human MI/TIMP-2 cDNA was transfected into MDA-231 cells using a calcium phosphate precipitation technique according to the methods described (16) . For selection of transfected colonies, the hygromycin B phosphotransferase gene was cotransfected. Colonies resistant to 0.6 mg/ml hygromycin B (Sigma Chemical Co., St. Louis, MO) were picked up and clones were established by limiting dilution and determined for the secretion of TIMP-2 by immunoblotting and gelatinase assay (see below). Control MDA-231 cells received pcNDAI (Invitrogen, San Diego, CA) empty vector (MDA-231.EV).
Intracardiac injections of MDA-231 in nude mice. Intracardiac injection of MDA-231 was performed according to the technique described previously (11, 13) . Subconfluent MDA-231 cells were fed with fresh medium 24 h before intracardiac injections. Cells (1 ϫ 10 5 ) were suspended in 0.1 ml of PBS and injected into the left heart ventricle of 4-wk-old, female BALB/c-nu/nu mice (Harlan Industries, Houston, TX) with 27-gauge needle under the anesthesia with pentobarbital (0.05 mg/gram). Animals were kept in our animal facilities for 4 to 7 wk as described (17) . Weight of animals and excised tumors was determined by using a digitalized weigher (Lum-O-Gram ™ ; Ohaus Scale Corporation, Florham Park, NJ).
Treatment schedules. The bisphosphonate ibandronate (Boehringer Mannheim GmbH, Mannheim, Germany) was diluted in PBS and the pH was adjusted to 7.4. The dose given is expressed as free acid equivalents of the sodium salt monohydrate. The drug was administered daily by subcutaneous injection in different treatment schedules as depicted (see Fig. 6 ). Control animals received injections of vehicle.
Determination of number and area of bone metastases. The number of osteolytic bone metastases was enumerated on radiographs as described (11, 13, 18) . Animals were anesthetized deeply, laid down in prone and lateral positions against the films (22 ϫ 27 cm; X-OMAT AR; Eastman Kodak Co., Rochester, NY), and exposed to an x ray at 35 kV for 6 s using a Faxtron radiographic inspection unit (43855A; Faxitron X-ray Corporation, Buffalo Grove, IL). Films were developed using a RP X-OMAT processor (M6b; Eastman Kodak Co.). All of the radiographs of bones in nude mice were evaluated extensively and carefully by three different individuals including one radiologist who were without knowledge of the experimental protocols. On radiographs, the number and area of osteolytic metastatic foci as small as 0.5 mm in diameter, which were recognized as demarcated radiolucent lesions in the bone, were quantitatively assessed using a computer-assisted JAVA image analysis system (Jandel Scientific, Corte Madera, CA).
Histological examination of metastatic cancer burden. The details of these methods were described previously (13) . In brief, forelimbs and hindlimbs from animals in each treatment group were fixed with 10% formalin in PBS (pH 7.2) and decalcified in 14% EDTA solution for 2-3 wk. Paraffin sections were made following conventional methods. The area of metastatic cancer infiltrations was measured in the distal femoral and proximal tibial metaphyses of both limbs in longitudinal decalcified sections stained by hematoxylin and eosin.
Immunoblotting. Cells were lysed in lysis buffer containing 20 mM Tris pH 8.0, 2 mM CaCl 2 , 150 mM NaCl, 1% NP-40, 0.1% SDS, and protease inhibitors (20 mM leupeptin, 1 mM phenylmethylsulfonylfluoride, 1% aprotinin) at 4 Њ C, centrifuged at 10,000 g for 10 min at 4 Њ C, and determined for protein amounts using Bio-Rad DC protein assay (Bio-Rad Laboratories, Hercules, CA). The lysates were boiled for 5 min, separated on 12% SDS-PAGE, and transferred onto nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, NH) in transblotting buffer containing 20 mM Tris, 150 mM glycine, and 20% methanol (pH 8.0). The membranes were incubated with blocking buffer consisting of 5% nonfat dry milk in 50 mM Tris, 150 mM NaCl, 10 mM CaCl 2 for 2 h and then with polyclonal antibodies to recombinant MI/TIMP-2 (15) diluted 1:200 in the same buffer for 1 h, washed 5 times with TBST, incubated with HRP-conjugated protein A (Capel, Durham, NC) (diluted 1:2000 in TBST containing 5% nonfat dry milk) for 1 h. After the membranes were washed five times with TBST, then two times with TBS, the signal was visualized with ECL detection system (DuPont NEN, Boston, MA).
Colony formation assay. Anchorage-independent growth of MDA-231 was determined as previously described (19) . 1 ml of agarose (Sea-Plaque; FMC Corp. Bioproducts, Rockland, ME) at 0.4% (wt/ vol) in DMEM supplemented with 10% FBS containing 300 cells was overlaid onto a 1-ml bottom layer of 0.6% agarose in the same culture medium in 35-mm tissue culture plates with grid at the bottom (Sarstedt, Newton, NC). Plates were incubated for 14 d in a humidified CO 2 incubator at 37 Њ C and colonies Ͼ 100 m in diameter were manually counted under an inverted microscope.
Tumorigenicity of MDA-231 cells in nude mice. Cells (2 ϫ 10 6 ) were suspended in 0.2 ml of the mixture (1:1) of PBS and Matrigel ® (Collaborative Research, Bedford, MA) and inoculated into the right thoracic mammary fat pad of female nude mice using 23 gauze needles as previously described (20). 4 wk later, tumors formed were excised and determined for their weight.
Gelatin zymography and reverse zymography. Serum-free CM of confluent MDA-231 cells which were cultured on extracellular matrix (ECM)-coated plates were concentrated 50-fold on Centricon-10 (10 kD cut-off; Amicon Inc., Beverly, MA), determined for protein amounts using Bio-Rad DC protein assay kit and stored at Ϫ 70 Њ C until assay. MMP and TIMP-2 activity in the media was assessed by gelatin zymography and reverse zymography, respectively, following the methods described previously (16) . In brief, the concentrated media (20 g/lane) were run on SDS-PAGE (7.5% for zymography and 12% for reverse zymography containing 1 mg/ml gelatin) for 3 h at 15 mA at 4 Њ C. The gels were incubated in Triton X-100 (2.5%, vol/vol) for 1 h, then for reverse zymography with gelatinase overnight at 37 Њ C and for zymography in 50 mM Tris, 200 mM NaCl, 10 mM CaCl 2 , 0.02% Brij 35 pH 7.6 overnight at 37 Њ C. The gels were then stained with 0.5% (wt/vol) Coomassie brilliant blue and destained in methanol/acetic acid/water (50:10:40). White bands indicate gelatinase activity and a dark band indicates TIMP-2 activity.
Gelatinase activity. To further confirm the efficacy of TIMP-2 cDNA transfection into MDA-231 cells, gelatinase activity was determined using [ 3 H]gelatin which was prepared by heat denaturation of [ 3 H]collagen (New England Nuclear) for 30 min, 60 Њ C in 0.1 M phosphate buffer, pH 7.5, containing 0.2M NaCl as described (21) . [ 3 H]gelatin (0.2 mg/ml, 2.4 Ci/mg) was incubated with 20 g concentrated MDA-231 CM in 50 mM Tris, 200 mM NaCl, 5 mM CaCl 2 , and 0.02% Brij-35, pH 7.5 in a final volume of 220 l. The incubation was run for 20 min at 37 Њ C and terminated by the addition of EDTA/BSA solution (final concentration 2.5 mM/0.03%). Undigested [ 3 H] gelatin was precipitated with 0.05% tannic acid/2% trichloroacetic acid and the radioactivity of the supernatants was measured in a liquid scintillation counter (22, 23) .
Transendothelial invasion assay. Assay was carried out based on the method previously described (24) using murine bone marrow sinus-derived endothelial cell line (BMSEC; generously provided by Dr. Hawley, University of Toronto, Toronto, Canada) (25) and Biocoat Matrigel ® invasion chambers (24-well plates; Becton Dickinson & Co., Bedford, MA) with modifications as suggested by the manufacturer. BMSEC (3 ϫ 10 5 ) were plated onto Matrigel-coated PET membrane (pore size 8 m) in the cell culture insert, cultured until they reached confluency and treated with interleukin 1 ␤ (2 ng/ml) for 4 h. MDA-231 cells (1.5 ϫ 10 4 ) were then seeded on the BMSEC and incubated for 15 h in a CO 2 incubator. At the end of incubation, cells on the upper surface of the membrane were completely removed off by cotton swab and cells on the lower surface of the membrane were fixed with 40% formalin and stained with 0.1% crystal violet. Stained cells were counted randomly in 10 high-power fields under the microscope at 100 magnification.
ECM-coated plates. Bone ECM-coated plates were prepared as described (26) . Human osteoblastic osteosarcoma MG-63 cells were cultured in alpha minimum essential medium ( ␣ MEM) supplemented with 5% FBS and 100 mM ascorbic acid for 10-14 d, rinsed with PBS, and treated with 0.5% Triton for 10 min room temperature (RT). Triton-solubilized fractions were gently aspirated and the remaining fractions on the bottom surface of culture plates were washed with PBS three times, treated with 25 mM NH 4 OH for 10 min at RT, and rinsed with PBS at 4 Њ C. Bone ECM-coated plates were stored in PBS at 4 Њ C. Tissue culture plates coated with other types of ECMs such as matrigel, fibronectin, laminin, type I collagen and polyl -lysine were purchased from Becton Dickinson Labware.
Statistical analysis. All data were analyzed by Mann-Whitney test for nonparametric samples. The statistical difference of survival rate of the animals was analyzed by generalized Wilcoxon test. All data were presented as the mean Ϯ SEM.
Results
MMP production by MDA-231 cells. We first examined whether MDA-231 cells produced MMPs by gelatin zymography. MDA-231 cells which were grown on plastic tissue culture dishes secreted latent forms of 92-kD gelatinase (MMP-9 or gelatinase B) and 72-kD gelatinase (MMP-2 or gelatinase A) (Fig. 1, lane 1 ) . In contrast, when MDA-231 cells were cultured on bone ECM-coated dishes, the secretion of the active form was markedly induced (Fig. 1, lane 2 ) . Significant levels of the active forms of MMP-9 and MMP-2 were also detected when MDA-231 cells were cultured on matrigel-coated plates (Fig. 1, lane 6 ) , whereas no production of the active forms was observed in MDA-231 cells which were grown on laminin, fi- bronectin, and polyl -lysine ( Fig. 1, lanes 3 , 4 , and 7 ). On type 1 collagen, there was a marginal increase in active form of MMP-2 (Fig. 1, lane 5 ) .
Transfection of TIMP-2 cDNA into MDA-231 cells. Subsequent to transfection, hygromycin selection and cloning by limiting dilution, several subclones of MDA-231 cells which overexpressed TIMP-2 were obtained. Using a rabbit polyclonal antiserum raised against recombinant TIMP-2 (16), we determined the expression of TIMP-2 by Western blotting (Fig. 2 A ) . MDA-231.P cells and MDA-231.EV cells exhibited marginal levels of TIMP-2 expression (Fig. 2 A , lanes 2 and 3,  respectively) . In contrast, several clones of MDA-231.TIMP-2 showed increased TIMP-2 expression (Fig. 2 A, lanes 4-7) . In the following experiments, we used three clones of MDA-231.TIMP-2, i.e., clones in Fig. 2, lanes 5-7 . These clones were designated as MDA-231.TIMP-2/5, MDA-231.TIMP-2/6, and MDA-231.TIMP-2/7, respectively.
Consistent with the result of Western blotting, MDA-231.TIMP-2/6 showed TIMP activity on reverse zymogram (Fig. 2 B) and gelatinase activity in MDA-231.TIMP subclones was markedly decreased compared with MDA-231.P or MDA-231.EV (Fig. 2 C) . The results demonstrate that TIMP-2 cDNA transfected into MDA-231 cells is functionally active and inhibits gelatinase activity.
Because it has been reported that TIMP-2 gene transfection causes a change in cell shape and adhesion to ECMs (27), we examined whether this was the case for these MDA-231.TIMP-2 subclones. There were no changes in cell shape and attachment to laminin, type I and IV collagen and fibronectin in MDA-231.TIMP-2 subclones compared with MDA.231.P or MDA-231.EV (data not shown).
Growth of MDA-231 transfectants. Before we determined the capacity of these transfected clones to form osteolytic bone metastases, proliferation of these clones in vitro and in vivo was examined, because TIMP-2 has been found to either stimulate (28) or inhibit (29, 30) cell growth. There was no difference in the growth of MDA-231.TIMP-2 subclones in monolayer (data not shown). Likewise, anchorage-independent growth of each MDA-231.TIMP-2 subclone in soft agar was not altered compared with MDA-231.P or MDA-231.EV ( Fig.  3 A) . Furthermore, tumor formation in the mammary fat pad (orthotopic site) in female nude mice was not changed, either ( Fig. 3 B) . These data demonstrated that transfection of TIMP-2 cDNA had no effects on the growth and tumorigenicity of MDA-231 cells.
Transendothelial invasiveness of MDA-231.TIMP-2 clones. Since it has been realized that cancer cells are required to actively penetrate through the endothelium of the bone marrow sinus to migrate into the marrow cavity (31), we determined the ability of MDA-231 cells to pass through the BMSEC using the transendothelial invasion assay. MDA-231.TIMP-2/6 displayed decreased invasiveness compared with MDA-231.P or MDA-231.EV (Fig. 4) .
Formation of osteolytic bone metastases by MDA-231.TIMP-2 clones. We then examined these subclones for the capacity of forming osteolytic bone metastases by inoculating into the left cardiac ventricle in female nude mice. We have demonstrated on numbers of occasions that using this technique, MDA-231 cells selectively colonize bone and form osteolytic bone metastases but very rarely spread to nonbone or- gans including lung, liver, spleen, kidney, and brains (11, 13) . As shown in Fig. 5 , MDA-231.TIMP-2/5, MDA-231.TIMP-2/6, and MDA-231.TIMP-2/7 manifested significantly decreased osteolytic bone metastases compared with MDA-231.P or MDA-231.EV. The radiographs also displayed that TIMP-2 cDNA transfection into MDA-231 cells caused a reduction in size of osteolytic lesion (data not shown).
Effects of ibandronate on osteolytic bone metastases of MDA-231.P cells. The effects of the specific inhibitor of osteoclastic bone resorption, ibandronate, were tested on (a) the progression of the established osteolytic bone metastases. This experiment represents the clinical situation in which ibandronate is given to breast cancer patients with detectable osteolytic bone metastases and (b) the formation of new osteolytic bone metastases. This experiment represents the clinical situation in which ibandronate is given to breast cancer patients in a preventive manner. In both experiments, MDA-231.P cells were used. The protocol of these experiments were depicted in Fig. 6, A and B , respectively.
Ibandronate (4 g/animal, subcutaneously [s.c.]) administered daily to animals with established osteolytic bone metastases from day 17 to day 28 ( Fig. 6 A) significantly suppressed an increase in size of osteolytic lesions determined radiologically (Fig. 7) .
In the second experiments, ibandronate (4 g/animal, s.c.) given daily for 3 wk prior to MDA-231.P cell inoculation ( Fig.  6 B) markedly prevented the formation of new osteolytic bone metastases (Fig. 8 ). . Effect of ibandronate on the progression of established osteolytic bone metastases. Ibandronate (4 g/animal, SC) was given daily to animals with established osteolytic bone metastases from day 17 to 28 (see Fig. 6 A) . Percent increase refers to mm 2 /animal and was calculated as: area at day 28 Ϫ area at day 17/area at day 17 ϫ 100. Data shown are meanϮSEM (n ϭ 8). *Significantly different from untreated group (P Ͻ 0.01). Figure 8 . Effect of ibandronate on the development of new osteolytic bone metastases. Ibandronate (4 g/animal, SC) was given daily for 3 wk before MDA-231.P cell inoculation into the heart of animals (see Fig. 6 B) . Quantitation of lytic lesions. Data shown are meanϮSEM (n ϭ 13, combination of two separate experiments). *Significantly different from untreated groups (P Ͻ 0.005).
Effects of a combination of ibandronate and TIMP-2 overexpression on established osteolytic bone metastases.
We next determined the combined effects of ibandronate and TIMP-2 overexpression on the development of osteolytic bone metastases ( Fig. 6 C) . As demonstrated in Fig. 9 , a combination of ibandronate and TIMP-2 dramatically suppressed the development of osteolytic bone metastases compared with ibandronate administration or MDA-231.TIMP-2/6 inoculation alone.
Histological examination of bones with osteolytic bone metastases. Histological examination revealed that metastatic tumor burden and osteoclastic bone destruction were profoundly decreased in the bone of animals which received both MDA-231.TIMP-2/6 and ibandronate compared with bones of animals which received each treatment alone (Fig. 10) .
Effects of a combination of ibandronate and TIMP-2 overexpression on survival of animals with established bone metastases. Using the same experimental protocol as Fig. 9 (Fig. 6  C) , we determined the effects of each or combination of these treatments on the survival of animals. Ibandronate alone did not prolong the survival of animals (Fig. 11) . In contrast, TIMP-2 overexpression caused a marked increase in the lifespan of animals ( Fig. 11 ). Ibandronate did not further prolong the survival of animals carrying MDA-231.TIMP-2/6 cells.
Discussion
Cancer spread to a particular secondary site is achieved only when cancer cells successfully complete a series of multistep processes. Inhibition of these steps by selective pharmacological agents should, thus, lead to the suppression of cancer metastasis to that site. In the present study, we attempted to in-hibit breast cancer metastasis to bone, because breast cancer is the most frequently occurring female cancer in the United States (32) , bone is the most common site of breast cancer colonization (6, 8) and there are no satisfactory pharmacological treatments for breast cancer cells colonized in bone at the present time. We demonstrated that overexpression of TIMP-2, which is a natural inhibitor of MMPs which are also known to play a crucial role in several common steps of cancer metastasis (33) into a human estrogen-independent breast cancer cell line MDA-231, decreased osteolytic bone lesions and increased survival rate in tumor-bearing nude mice. Moreover, we also showed that a newly developed potent bisphosphonate, ibandronate, reduced osteolytic bone lesions, confirming our previous data obtained using another potent bisphosphonate, risedronate (13) . Since these bisphosphonates are specific inhibitors of osteoclastic bone resorption, these results suggest that pharmacological manipulation of the bone microenvironment by modulating osteoclast activity can be a selective approach to regulate cancer metastasis to bone. Along this line, we reported that a neutralizing antibody to PTH-rP, which is a potent local stimulator of osteoclastic bone resorption, also diminished MDA-231 breast cancer metastasis to bone (12) . In addition, when TIMP-2 overexpression and ibandronate administration were combined, synergistic suppressive effects on osteolytic bone metastases were accomplished. Thus, our results demonstrate that inhibition of distinct steps in the metastatic process is more effective in suppressing bone metastasis than inhibition of either step alone. In the case of cancer metastasis to soft tissues other than bone, it seems difficult to attempt a combination approach we took here due to the lack of such a unique step as osteoclastic bone resorption. Consequently, the use of anticancer agents which cause a variety of adverse effects is inevitable. On the other hand, in the case of bone metastasis, specific inhibition of osteoclastic bone resorption significantly decreased the development and progression of osteolytic bone lesions without the use of anticancer agents. Furthermore, combination with inhibition of a nonbone related step in metastasis decreased bone metastases. Thus, bone is one of the representative organs in which modulation of the microenvironment makes it possible to impair metastatic cancer cell colonization. Our results support this notion and may provide a unique organ-based therapeutic strategy (4) for breast cancer metastasis in bone.
It has been reported that MMP levels are increased in the plasma of patients with breast cancer (34) and immunohistochemical studies show that breast tumors obtained at biopsy express substantial levels of MMPs (35) . Although effects on bone metastasis were not studied, the MMP inhibitor batimastat was found to inhibit breast cancer metastasis to the lung (36) . These studies indicate the importance of MMPs in breast cancer phenotype and metastasis. In the present study, we found that MDA-231 cells which form osteolytic bone metastases secreted substantial amounts of MMPs and that overexpression of TIMP-2, a natural inhibitor of MMPs, suppressed MDA-231 cell metastasis to bone. These results indicate that MMPs play a causative role in the development of the osteolytic bone metastases in MDA-231 cells. The mechanism underlying TIMP-2 inhibition of MDA-231 metastasis to bone appears to be due to an inhibition of MDA-231 cell extravasation from the marrow sinus, since MDA-231.TIMP-2/6 showed decreased invasiveness in the transendothelial cancer cell invasion assay using the BMSEC. Some groups of mice were given ibandronate (4 g/animal, SC) and other groups of mice given PBS for 3 wk before cell inoculation. MDA-231.EV or MDA-231.TIMP-2/6 cells (1 ϫ 10 5 /animal) were inoculated into the left cardiac ventricle of female nude mice of each group. 4 wk later, osteolytic lesions were radiologically detected and quantitated for their area using image analyser (see Fig. 6 C) . Data shown are meanϮSEM. Numbers in parentheses are numbers of animals studied. *Significantly different from empty vector (EV). **Significantly different from ibandronate or TIMP-2 alone (P Ͻ 0.01).
It is notable that MDA-231 cells cultured on bone ECM secreted not only latent forms of MMPs but also activated forms of MMPs. Secretion of an active form of MMP-2 (gelatinase A) by MDA-231 cells cultured on type I collagen, the most abundant ECM in bone, has also been described (37) . These results suggest that upon contact with bone, metastatic breast cancer cells may produce large amounts of active MMPs to degrade bone matrices and facilitate their migration, invasion and growth in bone (38) . Immunohistochemical study using clinical materials revealed prominent expression of MMP-9 (gelatinase B) in cancer cells housed in bone (39) . Furthermore, recent studies showed that MMP-9 (gelatinase B) was involved in the stimulation of bone resorption by parathyroid hormone (40) , and that the recombinant TIMP-1 and TIMP-2 inhibited bone resorption (41) . Taken together, it is plausible to speculate that MMPs play a role not only in the common steps but also in the specific step of osteoclastic bone destruction in breast cancer metastasis to bone. This may be an additional mechanism of decreased bone metastases in MDA-231.TIMP-2 cells. If this is the case, overexpression of MMP's Figure 10 . Histology of proximal tibiae. In control mice (top left), the bone marrow cavity was occupied by metastatic MDA-231.P cells (T) and the marrow trabecular bones were almost completely destroyed. In MDA-231.TIMP-2/6-bearing mice (bottom left), colonization of metastatic breast cancer cells in the marrow cavity is localized and necrotic area is observed in the center of the tumor. In ibandronate-treated mice (top right), the trabecular bones remained almost intact and metastatic breast cancer burden and osteoclastic bone resorption were markedly decreased. In mice which received both ibandronate administration and MDA-231.TIMP-2/6 cell inoculation (bottom right), cancer burden in the marrow cavity was most profoundly reduced. In this experiment, ibandronate was given daily for 3 wk before MDA-231.TIMP-2/6 cell inoculation. Figure 11 . Survival of animals. Experimental protocol was the same as Fig. 9 (see Fig. 6 C) . Open circle, MDA-231.EV; closed circle, MDA-231.TIMP-2/6; closed triangle, ibandronate; closed square, MDA-231.TIMP-2/6 and ibandronate. Data shown are meanϮSEM (n ϭ 9 for each treatment group.) *Significantly different from MDA-231.EV or ibandronate alone (P Ͻ 0.01). natural inhibitor TIMP-2 in breast cancer cells might work as a general and specific inhibitor and be a potentially effective approach for gene therapy of bone metastasis.
In our previous study (13) , we noticed that bisphosphonate treatment tended to force metastatic breast cancer cells to escape from bone and cause an increase in tumor volume in surrounding soft tissue in which no osteoclastic bone resorption is required for tumor growth and no accumulation of risedronate occurs. Consequently, it seems likely that colonization of MDA-231 cancer in soft target organs such as lung, liver, and kidney is not interfered by risedronate in tumor-bearing animals. At necropsy, these mice did not show macroscopically evident metastatic foci in these soft organs, but PCR using the primers specific for human house-keeping gene indicates the presence of micrometastases in these soft organs which could cause the death of these animals (data not shown). This may be one reason for the failure of ibandronate to prolong the survival of tumor-bearing animals. Clinically, it has also been demonstrated that bisphosphonate significantly suppresses bone metastases but fails to increase the life span of cancer patients who manifest metastases also in soft organs (42) . Thus, it is likely bisphosphonate is unable to suppress cancer colonization in soft tissues. However, in the present study, we found that the tumor burden of MD-231.TIMP-2/6 in the soft tissues surrounding bone was not increased but rather diminished (data not shown). This is presumably due to the suppression of some of the common steps which occur before MDA-231 cell arrest in bone by TIMP-2 overexpression. Thus, use of a combination of inhibitors of both common and specific steps in the bone metastatic process is likely to be more effective than either alone, thereby producing higher chances of abolishing breast cancer metastasis to bone.
In conclusion our results suggest that when therapies are designed based on the unique feature of the bone microenvironment, i.e., osteoclastic bone resorption, in combination with several common steps in the metastatic process, osteolytic bone metastases can be more efficiently and selectively inhibited.
